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The discovery of many fascinating new phenomena associated with the surface plasmon 
polariton (SPP) has triggered the rapid development of nanophotonics and 
nanoelectronics. We report here the experimental observation of a fundamentally new 
physical process, nonlinear electron scattering, stimulated by the SPP excitation of Ag 
nanostructures on graphite surface in scanning probe electron energy loss spectroscopy. 
The observed intensity of SPP energy loss peak normalized to the elastic scattering 
intensity shows clearly a quadratic dependence on the external electric field strength 
generated by the tip-sample bias. The strong coherent nature of the SPP has made the 
observation possible and a two-step scattering process is proposed to explain this novel 
nonlinear effect. Our findings shed new light on the nature of SPP and pave the way to 
new spectroscopic applications. 
PACS numbers: 34.80.-i, 73.22.Lp, 79.20.Uv  
 
Surface plasmon polariton (SPP) has been the central focuses of several advanced 
new technologies, including nanophotonics, nanoelectronics and ultrasensitive 
spectroscopy [1-8]. It is well known that the surface plasmon can be generated by two 
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different sources, light or electron excitations. The nature of the light-induced plasmon 
has been extensively studied using a variety of experimental and theoretical tools. On the 
other hand, although the surface plasmon excited by inelastic scattering of electrons has 
long been investigated by electron energy loss spectroscopy (EELS) performed either 
with high-energy electrons transmitted through the thin film or low-energy electron 
reflected from the surface [4,5,9-11], the nature of the excitation process has not been 
fully explored. In the present work, we have carefully examined the SPP of Ag 
nanostructures on graphite surface by scanning probe electron energy loss spectroscopy 
(SP-EELS) [12]. A fundamental new physical process, namely the nonlinear electron 
scattering, is observed. It is found that the intensity of SPP energy loss peak normalized 
to the elastic scattering intensity shows clearly a quadratic dependence on the external 
electric field strength generated by the tip-sample bias. Such behavior could be 
understood by a one-electron two-step scattering mechanism. The observation of 
nonlinear electron scattering also indicates that SPP activated by electron excitations is a 
coherent state.   
 Nonlinear interaction between the photon and the matter is observable benefited from 
the high intensity and good coherence of the lasers. This could be well understood from a 
simple perturbation picture, I=I0+I02, in which I0 and I are the intensity of the incoming 
and outgoing photon,  and  are the linear and non-linear coefficients related to 
properties of the system. However, it is generally believed that the nonlinear interaction 
between the electron and the matter is very difficulty to be observed, if not impossible. It 
is because that both the electron density and the electric field in an electron beam are 
often too weak in comparison with the laser. One can also notice from the perturbation 
expression that the exceptional large nonlinear coefficient  could also significantly 
enhance the contribution from the nonlinear term. In other words, the basic ingredients 
for the observation of nonlinear electron scattering are to increase the local electric field 
and to find states with large nonlinear coefficients. The former can be partially utilized 
with the scanning probe electron energy spectrometer [12] by adjusting the tip-sample 
distance and external voltage. The latter requirement could be met by the surface plasmon 
polaritons (SPP), which is highly polarizable by its nature. Moreover, it is well known 
that local electric field can be effectively enhanced by the presence of the plasmon 
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[6,13,14].  With the strategy in mind, we design an experiment to study nonlinear 
electron scattering in SPP of the Ag nanostructures on graphite surface by scanning probe 
electron energy loss spectroscopy (SP-EELS). 
 
 
Figure 1： (a) Schematic drawing of the scanning probe electron energy spectrometer, which consists 
of a tip-sample system and a toroidal electron energy analyzer (TEEA). The backscattered electrons 
pass through a toroidal deflector (TD) and are detected by a two-dimensional position sensitive 
detector (PSD).  (b) The possible electron scattering process involving in the SPP excitations. The 
inset shows the STM image of the sample surface. 
 
Figure 1a presents the schematic drawing of the scanning probe electron energy 
spectrometer used in this experiment. The details can be found elsewhere [12]. Briefly, it 
consists of a tip-sample system and a toroidal electron energy analyzer (TEEA). A tip 
made from a 0.42 mm tungsten wire by electrochemical etching is approached to a 
distance of micrometers from the sample surface. Electrons are field emitted from the tip 
when a negative voltage Vt of hundred volts is applied to the tip, while the sample is 
grounded. The backscattered electrons from the sample surface pass through a toroidal 
deflector and are detected by a two-dimensional position sensitive detector (PSD). The 
basic electron scattering process investigated in this work is sketched in Figure 1b.  The 
sample is prepared by evaporating 35nm thin film of Ag on freshly cleaved HOPG. Ag 
structures with the dimension of tens of nanometers are observed on sample surface, as 
illustrated in the inset of Figure 1b. The SPP mode of the Ag nanostructures is excited by 
the incident electrons under a strong electric field introduced by the tip-sample bias and 
the electron energy loss spectrum (EELS) of the scattered electrons is acquired by TEEA. 
 4
The energy loss feature of Ag has been studied extensively by EELS including low 
energy backscattering EELS [10,15 ] and high energy transmission EELS [5,11]. A 
typical EELS spectrum of Ag nanostructures is shown in Figure 2, which is obtained at 
tip voltage -246V and sample current 10pA.  An energy loss peak located at about 3.7 eV 
is known to be associated with the SPP of Ag. Our spectrum is in excellent agreement 
with the ones reported by Palmer’s group, who also used the scanning probe electron 
spectroscopy to investigate the EELS of Ag surface [16,17]. In their experiments, a tip 
withdrawn a distance from the tunneling region was invoked as a field emission electron 
source when a bias voltage of hundred volts was applied. The energy of backscattered 
electrons was analyzed by a hemispherical deflector. One can see from these spectra, the 
Ag SPP excitation peak is much weaker than the main elastic peak.   
 
 
 
 
 
Figure 2: EELS acquired at the tip voltage -
246V and the sample current 10pA (black solid 
square), which are compared with the one 
obtained at the tip voltage -170V and the 
sample current 10nA by Palmer’s group (red 
solid circle) [16]. The spectral features related 
to the plasmon states are amplified by a factor 5. 
 
 
 
 
By increasing the tip voltage at the fixed tip-sample distance and carrying out the 
same measurement, EELS at different electric field are obtained, five of which are 
illustrated in Figure 3a. The spectra have been background-subtracted by polynomial 
function [17], normalized by the intensity of the elastic scattering (ES) peak, and shifted 
vertically on the y axis for a better comparison. Gaussian function fitted curves of the ES 
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peaks and SPP peaks are also shown as solid line. It can be seen that the increase of the 
electric field has significantly effects on the intensity of the SPP peak, which is enhanced 
drastically when the value of Vt goes beyond 250V. This observation provides 
unambiguous evidence that the nonlinear electron scattering is a measurable process for 
the SPP. To better demonstrate this nonlinear effect, the relative intensity (RI) of the SPP 
peak, which is the area ratio of the SPP peak to the ES peak, is plotted as a function of Vt 
in Figure 3b.  
 
 
Figure 3: (a) Electron energy loss spectra obtained at five different tip biases with constant tip-sample 
distance, from which nonlinear processes of the SPP excitation are clearly observed. (b) Relative 
intensity (RI) of SPP energy loss peak versus tip voltage. The RI is almost keeping unchanged when 
the value of tip voltage is below 250V (blue dashed line), but increases with quadric dependence as 
the value of tip voltage is beyond 250V (red solid line). 
 
Since the cross section of the elastic scattering is proportional to electron density 
I0=kE2 (k is the constant and E electric field strength), the expression of RI should have 
the form of: 
RI+I0 = + kE2      (1) 
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where  and  can be expressed as follows 
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Here baD

, bnD

 and naD

 are the matrix elements of the multipole moment operator for 
electron scattering (it reduces to the dipolar term for SPP [11]), 1ˆe  and 2eˆ  are the unit 
vector of the electric field,  is the energy of the incident electron, na=n-a is the energy 
difference between an intermediate state n  and the ground state a , n is the energy 
width of the state n , and the sum over n is over all possible intermediate states n . 
The linear term  is associated with dipole scattering which was thought to be dominant 
for the generation of SPP.  
As can be seen in Figure 3b, when the value of Vt is below 250V, the RI is almost 
kept unchanged, indicating that the linear process dominates in this region. However, as 
the value of Vt goes beyond 250V, nonlinear effects arises and the dependence of RI with 
Vt fits the quadric curve quite well. 
 
Figure 4. Schematics of the two-step scattering processes (a) and the corresponding energy level 
transition (b). An incident electron interacts with the nanostructure on the surface to excite it from the 
ground state a  to an intermediate state n  with the energy loss na. During the interacting time 
interval, the electron can subsequently interact with the nanostructure again, exciting it to the final 
state b  by losing energy bn. The dipole moment of the SPP state b is demonstrated as a blue 
arrow in figure (a). 
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The nonlinear coefficient  could be contributed from two different physical processes 
due to either the interactions between the system and the subsequent two incident 
electrons or the two-step scattering with one incident electron. In our experimental setup, 
although the field can be significantly enhanced, the maximum field emission current at 
tip voltage -258V is only 1nA. One can estimate that the average number of electrons 
between the tip and sample is less than 0.1, strongly indicating that the interactions with 
the subsequent two incident electrons are negligible. The two-step scattering process 
experienced by one electron becomes the most possible mechanism, in which as 
illustrated in Figure 4, an incident electron interacts with the nanostructure on the surface 
to excite it from the ground state a  to an intermediate state n  with the energy loss 
na. During the interacting time interval, the electron can subsequently interact with the 
nanostructure again, exciting it to the final state b  by losing energy bn. All 
intermediate states n  can in principle contribute to this process. Obviously, the high 
density of intermediate states certainly helps to increase the value of the nonlinear 
coefficient, which is actually what Ag nanostructures can provide. The exceptional large 
transition and permanent dipolar moments of certain states distinguish themselves from 
others. One very important case is when only two states, the ground (a) and the final state 
(b), are involved. In this case,  is controlled by one term 
2
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Within the dipolar approximation, b is the dipole moment of the final state. The excited 
SPP state of Ag nanostructure possesses extremely large dipole moment that makes it a 
perfect candidate to enhance the probability of nonlinear electron scattering. This 
particular scattering channel corresponds to a rather interesting physical picture: the 
incoming electron losses its energy to excite the Ag nanoclusters to its plasmon state, on 
which the outgoing electron is elastically scattered out.  
It is noted that with a similar experimental setup, Palmer’s group did not observed 
any nonlinear behavior for the SPP excitation of Ag surface [16,17]. This might largely 
due to the difference in samples. The samples used in their experiments were prepared by 
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evaporating 200 nm Ag on HOPG that could result in a relatively flat Ag surface, 
whereas small islands of Ag nanostructures are clearly formed in our samples. It seems to 
suggest the nonlinear coefficient  of the SPP states for the flat surface is still not large 
enough to generate the nonlinear electron scattering process. The use of Ag 
nanostructures which are known to enhance the intensity of SPP [2,3,14] might be the 
key for the current success.   
In conclusion, we have shown in this study that the nonlinear electron scattering is a 
detectable process in electron energy loss spectroscopy when both local electric field 
strength and the nonlinear scattering coefficients of the sample are effectively enhanced, 
as nicely demonstrated by the measurements for SPP of Ag nanostructures in a scanning 
probe electron energy spectrometer.  The experimental results can be explained by a 
generalized one-electron-two-step scattering mechanism, which suggests an essentially 
new physical process for the generation of SPP compared to the conventional dipole 
scattering mode. The large nonlinear coefficient of SPP might be the key to understand 
the recent experimental and theoretical findings that the tip-induced SPP can behave as 
coherent ultrafast high intensity electromagnetic field [ 18 , 19 ]. The observation of 
nonlinear electron scattering in combination with strong SPP may pave the way to design 
new high-sensitivity high-spatial-resolution spectroscopic techniques for nanoscience and 
nanotechnology. 
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